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The dissociation mechanisms of dichlorocarbene dications following collisional activation 
have been investigated via tandem mass spectrometric techniques and semi-empirical calcu- 
lations. Three channels appear to be significant: 
CCI~ + ~ Gel 
CCI 2' ~ CCI '  
ccl-~ * --* c1; _ - 
X'E~)  +CI ' (~P)  
X 'E '  + C I ' ( 'D)  
X2[lg + C'(2P) 
(channel 1 ) 
(channel 2) 
(channel 3) 
The second channel becomes dominant at high internal energy. Production of ground state 
fragments (channel 11 involves a transition driven bv spin-orbit coupling from the 
CCI; XI"; state to the CCI; a " state en route to tile travments Tile dlssocmtlon bamer  ~g, " _ ~ll  O " 
for the production of ground state fragments from the ground electromc state of CC12 vm 
the spin-orbit-induced transition is equal to 420 kJ mol ~. The dissociation pathway that 
corresponds to channel 3 includes a first isomerization step from the linear CI-C-CI 2" 
structure to a bent CI-CI-C=' connectMtv. The calculated isomerization barrier amounts to 
550 kJ tool ~t. The calculated reverse actfvation barriers are compatible with the measured 
kinetic energy released on the fragments. (] Ant Soc Mass Spectrom 1995, 6, 1019-1029) 
T 
andem mass spectrometry is a powerful tech- 
nique for analytical purposes as well as for basic 
studies on tile structure and reactivity of ions 
and neutrals [1-4]. From tile latter point of view, tile 
application of this methodology to tile study of doubly 
charged cations provides us with a wealth of data that 
concern the dissociation channels of these species and 
the energetics associated with their reactions [5-12]. 
Doubly charged ions have become popular because 
they display quite interesting features [13]: their disso- 
ciation may proceed by tunneling through a barrier 
induced by nonadiabatic effects; they release an impor- 
tant amount of kinetic energy upon dissociation; the), 
may be stable or metastable although their neutral or 
singly charged counterpart is unstable. A recent re- 
Address  repr int  requests  to Bernard Leyh, I )dpar lemenl  de Chimie  
G6ndra le  et de  Ch imie  Phys ique,  Insti lu! de Chimie,  Bfitiment 13{~, 
Universit,5 de Li('ge, B.4000 SarbT ihnan,  Li6ge I, Belgiunl.  
' Dedicated to Professor F. W. McLafferty in recognit ion of his semi-  
hal contr ibut ions  to the field of mass  spect rometry .  
;Chercheur  qualif id du Ft,nds Nat ional  de  la I~,echerche Scien| i f ique 
( Belgium ). 
" Present affil iation: Depar tment  tff Chemis t ry ,  Un ivers i ty  of Mis- 
souri-Rol la,  Rolla IVlO 6540141249. 
Fcj 1995 American Society for Mass Spectrometry 
1044-0305/95/$9.50 
SSDI 1044-0305(95)00471-O 
view article on these ions [11] mentions tile following 
essential questions that need to be solved: 
"1. Wily are multiply charged molecular ions stable 
(or metastable)? 
2. What is tile equilibrium geometry for which tile,,, 
are stable? 
3. What are the electronic configurations for which 
they are stable? 
4. What are their dissociation pathways, and what 
potential barriers do they cross (or tunnel through) 
before dissociation?" 
The present paper addresses these questions in tile 
case of the dichlorocarbene dication by using both 
experimental and theoretical methods. Carbenes are 
very reactive species that play an important role in 
organic synthesis [14]. Most of tile available data con- 
cern neutral dichlorocarbene, and data on the positive 
and negative ions are in fact relatively scarce. Infrared 
spectra of CCI~ trapped in a solid argon matrix were 
reported by Andrews and Keelan [15]. Nguyen et al. 
[16] performed ab initio calculations on the electronic 
states of both neutral and singly ionized dichlorocar- 
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bene. Rademann et al. [17] measured the adiabatic 
ionization energy of CCI 2, which is equal to 9.1 eV. 
The heat of formation of CC12 derived from this value 
is in agreement with recent data of Paulino and Squires 
[18]. Leyh and Wankenne [19] identified the first quar- 
tet state of CCI~- in charge-reversal experiments. Rele- 
vant data also can be found in works that deal with the 
dissociation pathways of CCI~- and other ionized halo- 
carbons [20-27]. These studies led, among other find- 
ings, to the characterization f two isomeric structures 
for CCI~-. The first data on the CC12 + dication were 
obtained via charge-stripping experiments by Proctor 
et al. [28]. Such experiments under high resolution 
conditions led Langford et al. [29] to the determination 
of the minimum energy requirement Qmi~ for charge 
stripping of CC1 ÷ and CCI~', from which the enthalpy 
of formation of the dications can be deduced. Leiter et 
al. [24] measured the appearance energy of CCl~ + ions 
produced upon electroionization of CCI 4. A few stud- 
ies [23, 30, 31] also are concerned with the dissociation 
dynamics of doubly charged tetrachloromethane: they 
basically show that two isomers are involved in the 
dissociations of this dication. 
Dissociation of a dication into singly charged cations 
is characterized by a repulsive long-range potential. If 
the dication is stable or metastable, its potential energy 
surface must display a minimum at the equilibrium 
geometry. As a consequence, a barrier necessarily arises 
along the dissociation path. As will be discussed later 
in this paper, the situation is made more complicated 
in the CCI'~ + case because the ground state of the 
molecular dication ,2~;+ which is a singlet, does not 
correlate with the ground state f ragments ,  
CCI+( X1E + ) + CI+(3P), whereas the first excited state 
fiBEu- does. It may therefore be anticipated that a 
spin-orbit coupling must govern the dissociation dy- 
namics along this coordinate. 
The methodology followed in this article is the 
following. In the experimental part of the work (Ex- 
perimental Results), we first of all remeasure the ap- 
pearance nergy of CC12 + under electron impact con- 
ditions to confirm the thermochemistry of this ion. We 
then investigate its reactivity along the two lowest 
energy dissociation channels that lead to singly charged 
fragments: CCl++ CI + and CI~+ C ÷. This is per- 
formed by measurement of the fragment ion spectra 
under collisional activation conditions (CAD) with var- 
ious target gases and measurement of the kinetic en- 
ergy released on the dissociation fragments. Special 
care has to be taken here because the collisional activa- 
tion process being investigated competes with disso- 
ciative single-electron capture (SEC): 
cc lp+ S -* cclp," 
+ G;CCI 2+'" ~ fragments (CAD) (1) 
ccl ++ G ccl ;  
+ G+;CCI~ --* fragments (SEC) (2) 
The single-electron-capture process will be studied in a 
forthcoming paper. Semiempirical cross sections of the 
relevant potential energy surfaces, which help to inter- 
pret the experimental branching ratios and kinetic en- 
ergy releases, are presented in the Semiempirical Cal- 
culations and Discussion sections. 
Experimental 
The experimental data were recorded via an AEI-MS9 
forward geometry mass spectrometer quipped with a 
polarizable and differentially pumped collision cell in 
the first and in the second field-free regions. 
Appearance nergies were measured by the vanish- 
ing current method by using a pulse-counting detec- 
tion technique [32, 33]. The electron energy scale was 
calibrated by using rare gases under identical experi- 
mental conditions. 
Fragment ion spectra for decompositions that take 
place in the first field-free region are obtained by 
linked scanning of the electrostatic analyzer and the 
magnet while the E/B ratio is maintained constant 
[34]. The magnetic field is monitored via a Hall probe. 
For decompositions of doubly charged ions into singly 
charged ions, the source accelerating voltage is set at 
half file value needed to record the corresponding 
spectrum for singly charged ions. 
Ion kinetic energy spectra generated by decomposi- 
tions that occur in the collision cell located in the first 
field-free region are recorded by tile accelerating volt- 
age scan technique [35]. The ion kinetic energy is equal 
to zeV~cc, where z is the number of charges of tile 
precursor ion and V~cc is the accelerating voltage. 
The experimental conditions were as follows: trap 
current, 30 p,A; electron energy, 70 eV, except for tile 
appearance energy measurements; accelerating voltage 
for linked scanning at constant B/E, 4 kV; mass resolu- 
tion, 1000. CCI~* results from dissociative lectroion- 
ization of CCI 4. CCI 4 (research grade, 99.8% purity) 
was used without further purification except freeze- 
pump- thaw cycles to remove dissolved gases. Tile 
target gases had tile following purities: rare gases, 
> 99.99%; nitrogen, 99.8%; benzene, 99.7%. The target 
gas pressure was in most experiments such that the 
primary beam transmittance was equal to or higher 
than 90%: this ensures single-collision conditions [36, 
37]. In the ion kinetic energy spectrum for the CCI~' --* 
C12 + + C + dissociation, the transmittance was equal to 
70%. Under these conditions, each affected projectile 
undergoes on average 1.2 collision [36]. Data also were 
obtained with He at 30~b transmittance (two collisions 
per affected species [36]) to investigate the effect of 
increasing the deposited internal energy. 
Experimental Results 
Appearance Ener~! of CCI~ + 
By the vanishing current method, we determined an 
appearance nergy of 32.1 + 0.5 eV for CC12 + from 
CCl4, which is in reasonable agreement with the 31.8 
J Am Soc Mass Spcctrom 1995, 6, 1019- 1029 REACTIVITY OF CCI~ + IONS 1021 
+ 0.3 eV value obtained by Leiter et al. [24]. From this 
appearance nergy and known thermochemical data 
[38, 39], we deduce that the heat of formation of CC12 * 
is equal to 2741 kJ mo l t .  This value has to be com- 
pared with that deduced from the charge-stripping 
experiments of Langford et al. [29]. If we adopt a Qmin 
value of 16.4 eV for the energy balance of the CC ld~ 
CCI~ ~ charge-stripping process, we get 2690 kJ tool-i  
for the heat of formation of the dichlorocarbene dica- 
tion. Figure 1 displays the energetics of the different 
dissociation channels of CCI~ ~ obtained by using the 
available thermochemical data [38, 39]. This figure 
shows clearly that the CCI~+ CI + and the Cl~++ C + 
channels are the most favorable and that they are 
energy-decoupled from the more energy-demanding 
channels by about 4 eV. 
Fragment Ion Spectra of CCI~_ + 
Figure 2 shows one example of the collision-activated 
dissociation (CAD) spectra of CC12 ~ ions that decay 
into singly charged fragments, obtained by linked 
scanning of the electrostatic analyzer and the magnet 
at constant B/E. Table 1 gives the branching ratios 
deduced from these spectra. These data were obtained 
by integration of the peak areas rather than by mea- 
surement of the peak heights. 
As expected on a thermochemical basis, the CC1 + + 
CI + channel is more favored than the CI:} + C + chan- 
nel. A general tendency is that the branching ratio for 
CI~ formation decreases when the target gas ioniza- 
tion energy decreases. To interpret hese data, we must 
remember, however, that collisional activation of the 
dication competes with dissociative single-electron 
capture. The CAD yield is expected to decrease when 
He 
1 i 
a l .o  43.0 ss .o  BT".o 79.o " 
m/z 
Figure 2. Fragment ion spectrum obtained upon collision be- 
tween 8-keV CCI~ + ions and He atoms. The target gas pressure 
corresponds to a precursor beam transmittance of 90%. This 
spectrum was obtained by linked scanning of the electrostatic 
analyzer and the magnet  at a constant B/E ratio. 
the target ionization energy is decreased [40]. Based on 
the thermochemical balance of eq 2, the internal energy 
deposited in the projectile upon SEC, however, should 
display the opposite trend, at least for exothermic SEC. 
Furthermore, the branching ratio between CAD and 
SEC varies from one target gas to the other. The 
observed ion intensities result therefore from a compli- 
cated balance between these conflicting effects. It is not 
possible to differentiate between the contributions of 
CAD and dissociative SEC in a fragment ion spectrum. 
Differentiation is possible, however, in an ion kinetic 
energy spectrum because both processes are character- 
ized by very different amounts of kinetic energy re- 
leased on the fragments, as will be discussed in the 
next subsection. 
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Thermochemical  data relevant o tile dissociation pro- 
cesses of CCI~ . Unless otherwise stated, the energies mentioned 
correspond to the ground electronic state species. 
Ion Kinetic Energy Spectra for the 
CCI]+ CAD> CCI++ C1 + Reaction 
Figure 3 shows the ion kinetic energy spectra obtained 
with various target gases for the CCI-~ +~ C 35C1 ~ + C1 + 
dissociation, obtained via the accelerating voltage scan 
technique [35]. The complicated pattern observed re- 
suits from two facts: 
1. This scanning technique gives a parent ion spec- 
trum of the C35C1 ~ ion. As a result, dissociation of 
both C35C1~ + and C35CI37C12+ contributes to the 
ion signal. 
2. The electrostatic repulsion between the positively 
charged fragments that result from CAD gives rise 
to a large kinetic energy release and thus to a 
dish-topped peak, whereas dissociative SEC results 
in a much lower average kinetic energy release, 
characteristic of the corresponding singly charged 
cation, and thus to a Gaussian-like peak. 
1022 LEYH AND HAUTOT J Am Soc Mass Spectrom 1995; 6, 101¢) -- 1(12'-/ 
Table 1. Branching ratios for the different fragment ions that 
result from the collision between CCI~ ~ and various target 
gases a
/(35CI2 )/ / (3sCl ' ) /  
Target gas Ionization energy (eV) /(C35CI" ) /(C35CI" ) 
He 24.59 0.50 0.69 
Ne 21.56 0.27 0.36 
Ar 15.76 0.06 0.46 
Kr 14.00 0.04 O. 11 
Xe 12.13 0.10 0.11 
N 2 15.58 0.04 0.35 
CCI 4 11.47 0.01 0.14 
C6H 6 9.25 0.04 0.08 
aThese  data  resu l t  f rom the  measurement  of peak areas  in the  
daughter ion  spect ra  obta ined  by l inked  scann ing  at constant  B /E .  
We expect therefore the presence of six maxima, but 
only four of them are observable due to their partial 
overlap. It must be mentioned, however, that the first 
and the last peaks do not overlap with the others. 
Each of these two peaks is one of the maxima of the 
dish-topped signal that arises from the dissociation 
of C35C1~ + and of C35C137C12", respectively. From the 
positions of these maxima, it is possible to estimate the 
value of e,,,~,,, the minimum amount of kinetic energy 
released upon CAD. In the particular case studied 
here, the following system of equations has to be 
solved: 
(Ek .o_  Ek )2 III¢~¢1 
(3) 
~min 4 E k ,o IIl":'cI 
(E~. -- E~,,0) 2 nlc~c] 
(4) 
Gl  in 4 E '  k ,o 111~7 C1 
IIIc~='CllrCI 
E'k, o = Ek ,  o - -  (5) 
nlc3",CI 2 
where m x is the mass of fragment X, E k (E~:) is the 
kinetic energy corresponding to the first (last) peak, 
and Ek, o (E~,,.) is the kinetic energy corresponding to
C35C1 ~ ions from 3~ 2+ C C I   (C35C137C12+) without en- 
ergy release in the direction of detection (x direction). 
Equations (3) and (4) are standard [41]. They relate the 
ion kinetic energy in the laboratory frame ( E k and El) 
to the energy released on the fragments in the center of 
mass frame (molecular frame), emi n. These equations 
neglect translational energy losses associated with 
CAD. These losses are, however, small (0-10 eV) [40] 
compared to the signal broadening due to kinetic en- 
ergy release ( - 800 eV in the present case). 
The numerical analysis of these composite spectra 
has been performed by the two methods that are 
described below. Both methods yield similar results, 
within experimental errors. In the first procedure, each 
CAD signal has been adjusted to three Gaussian func- 
t ions -one  for each peak and a wider one for the 
central part. Each dissociative SEC contribution has 
been described by one Gaussian function. The entire 
t3. t 13.7 
Helium Argon 
14.3 14.9 15.5 
Ion kinetic energy / keY 
Benzene 
J 
t3. t 
t3.  I t3 .7  
Y 
14.3 14.9 t5 .5  
Ion kinetic energy / keV 
Nitrogen 
13.7 14.3 t4 .9  t5.5 t3.1 13.7 14.3 14.9 15.5 
Ion kinetic energy / keV Ion kinetic energy / keV 
Figure 3. CCI + ion kinetic energy spectrum obtained by tile accelerating voltage scan technique. 
CC1 ÷ ions result from collision between CCI-~ * ions and various target gases. Primary beam 
transmittance: 90~. The target gases are mentioned on the figure. 
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spectrum was thus fitted to a weighted sum of eight 
Gauss±an functions with adjustable heights, widths, 
and centers. The E k and E~ values obtained by this 
method can be introduced in eqs 3-5 to calculate emi~, 
and the knowledge of the different Gauss±an contribu- 
tions allows us to calculate the ratio of the integrated 
CAD and dissociative SEC signals. A second proce- 
dure consisted of adjusting the part of the spectrum 
that corresponds toC 35C12 + + G ~ C 3sC1 + + 35C] + G + 
(dissociative SEC) to the sum of a constant (the CAD 
background) plus two Gauss±an functions (for the SEC 
contribution). The signal that corresponds to the other 
dissociative SEC process, C37C135C12++ G --+ C~5C1 + 
+37C] + G *, was then calculated based on the known 
isotopic abundance ratio and kinematic relations, and 
by assuming that both SEC processes are characterized 
by the same kinetic energy release distribution. The 
sum of both SEC signals was then subtracted from the 
experimental spectrum, which left us with a " 'pure"  
CAD spectrum. This procedure, like the first one, al- 
lowed us to determine (i) the minimum kinetic energy 
released on the CAD fragments and (ii) the branching 
ratio between CAD and dissociative SEC. These data 
are summarized in Table 2. The errors that are given 
take into account both the experimental reproducibility 
and the discrepancies between the two data handling 
procedures. 
These data show first of all that the importance of 
CAD compared to dissociative SEC decreases when 
the target gas ionization energy decreases; it becomes 
barely detectable for C ,H ,  and CCI 4. From this point 
of view, argon and nitrogen, which have about the 
same ionization energy, behave very similarly. This 
similar behavior also manifests itself in the kinetic 
energy release data. This tends to support the domi- 
nant role played by the ionization energy in high 
energy collisional processes [40]. 
Analysis of Table 2 reveals that the amount of 
kinetic energy released on the fragments decreases 
with decreasing target ionization energy. This amount 
of kinetic energy release can be described as the sum 
of two terms: a constant term associated with the 
reverse activation barrier and a nonfixed term associ- 
ated with the internal energy in excess of the dissocia- 
tion barrier [3]. For a reaction that obeys the hypothe- 
ses of statistical theories, this latter term can usually be 
related to the excess internal energy by Klot's equation 
[42-46]: 
r -  1 s, hv  i 
E* = ~* + ~* + Y'. 
2 i=t  exp(hr , , /~* )  - 1 
s2 ]1 P i 
+E 
i= 1 exp(hp i /}* )  - 1 
(6) 
where E* is the internal energy in excess of the barrier, 
~* is the average kinetic energy that results from the 
redistribution of the excess internal energy E*, r is the 
total number of rotational degrees of freedom of both 
fragments, s1 and s 2 are, respectively, the number of 
vibrational degrees of freedom of each fragment, and 
~,~ are the vibrational frequencies in the harmonic 
approximation. By analyzing the first part of the 
C3sCI~ + -+ C~5CI + +3~C1 + ion kinetic energy spectrum 
(i.e., the first peak in Figure 3) by the Holmes-Osborne 
procedure for dish-topped signals [47], estimates of the 
average kinetic energy release ~* can be obtained: 
these are mentioned in the third column of Table 2. 
Application of eq 6 with a C-C1 ÷ vibrational frequency 
of 1120 cm-~ obtained at the semiempirical modified 
neglect of differential overlap MNDO level [48] en- 
abled estimation of the average internal energy E* in 
excess of the dissociation barrier (fourth column of 
Table 2). Despite the experimental errors and the un- 
certainties linked with both the Holmes-Osborne pro- 
cedure and the use of eq 6, these results show the 
tendency of the average internal energy deposited in 
the doubly charged dichlorocarbene upon collision to 
decrease with decreasing target ionization energy. 
The fraction of the reverse activation energy that 
will appear as kinetic energy of the fragments is gov- 
erned by the so-called exit channel interactions, that is, 
the interactions between the reaction coordinate and 
the fragment internal degrees of freedom--here essen- 
tially the C-CI vibration. At large interfragment dis- 
tances, the potential energy along the reaction coordi- 
nate is dominated by the ion-ion coulombic repulsion. 
The semiempirical calculations that will be discussed 
Table 2. Minimum kinetic energy released on tile CCI * + CI * CAD fragments, average kinetic 
energy release that results from tile redistribution f tile excess (i.e., nonfixed) internal 
energy E*, excess internal energy E* estimated from Klot's equation, and tile ratio between 
CAD and dissociative SEC cross ections for the CCI + production 
Target CAD/SEC 
gas ~" . . . .  (eV) ~* = 2 - ?'m,n (eV) E t (eV) ratio 
He 3.9 ± 0.05 1.2 +_ 0.2 2.9 _+ 0.5 0.9 +_ 0.2 
Ne 3.8 + 0.1 1.2 _+ 0.2 2.9 _+ 0.5 0.6 _+ 0.1 
Ar 3.8 + 0.1 1.0 ± 0.2 2.4 ± 0.5 0.47 +_ 0.05 
Kr 3.6 ± 0.1 1.0 _+ 0.2 2.4 + 0.5 0.27 + 0.03 
Xe 3.5 _+ 0.1 0.7 _+ 0.2 1.7 +_ 0.5 0.15 ± 0.02 
N 2 3.8 _+ 0.1 1.0 + 0.2 2.4 +_ 0.5 0.45 ± 0.05 
CCI 4 LOW intensity CAD 0.06 + 0.01 
C6H 6 Low intensity CAD 0.04 ± 0.003 
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in the next section show that this term dominates 
indeed down to interfragment separat ions of about 6 
,~, where the orbitals of CCI ÷ and CI ÷ start to overlap. 
At smaller distances, however,  the interaction between 
the reaction coordinate and the C-C1 vibration remains 
small, so that the lowest kinetic energy release ob- 
served (with xenon as the target gas) gives most prob- 
ably a good estimate of the reverse activation barrier. 
Ion Kinetic Energy Spectra for the 
CC12+ CAD CI~+ C + Reaction 
This low intensity process has been recorded with a 
70% pr imary beam transmittance of He or Xe (1.2 
coll isions on average per affected species) to reach an 
acceptable signal-to-noise ratio (Figure 4a). Let us note 
that the cross section for the product ion of CI~ is 22 
times larger with He than with Xe. 
This spectrum is much easier to analyze than the 
one associated with the CCI++ CI ÷ channel because 
only one isotopic contr ibution is present and because 
the neutral moiety lost is lighter, so that tile fragment 
ion carries less kinetic energy in the laboratory frame. 
The kinetic energy release distr ibution can be extracted 
by numerical  differentiation [47, 49], which leads to 
the data presented in Figure 4b. It emerges directly 
from these distr ibutions that two processes character- 
ized by quite different energy ranges take place. Disso- 
ciative SEC appears in the smaller kinetic energy range, 
whereas CAD manifests itself by the wider  peak at 
higher kinetic energy. This second contr ibution starts 
to increase at a kinetic energy release value of atom = 
3.5 eV and reaches a max imum at ~ = 5.8 eV. 
From this kinetic energy release distr ibution, we 
calculate a CAD/d issoc ia t ive  SEC ratio of 0.28 for He 
and 0.32 for Xe. These values must  be compared to the 
data reported in Table 2 for the product ion of CCI+: 
with He and Xe as target gases, the measured ratios 
were equal to 0.9 and 0.15, respectively. 
To calculate the branching ratio between the CCI + + 
CI + and the CI~ + C + channels from the daughter  ion 
spectra (Figure 2 and Table 1), one addit ional  fact has 
to be considered. The ion kinetic energy bandpass,  
which was given by A Ek/E k = 2.5 × 10 + in our 
l inked scans at constant B/E, does not span the whole 
range of kinetic energy released in the laboratory frame. 
As an example,  this range is equal to 1000 eV for the 
CCI++ C1 + channel (Figure 3) at an ion kinetic energy 
of 14 keV. As a consequence, the fragment ion yield is 
artificially lowered in a daughter  ion spectrum ob- 
tained by l inked scanning. This effect becomes larger 
when the kinetic energy released on the observed 
fragment ion increases. Corrected intensities /~c~.~[,CA D 
can be obtained via the fol lowing formula [50] if both 
daughter  ion spectra and ion kinetic energy spectra 
have been measured at compat ib le accelerating volt- 
ages: 
cor  
/flag CA D 
= 1-61 
t rag  C, . \  D + SEL  
f ~i ICAD'r ...... ( Ek ) dEk 
fb,,,+,,.11 lc,',l)+ sl:C,l'-+~-,,n( Ek ) dE, 
(7) 
e( 
P 
u 
Hel ium 
i J J i i 
9 .10  9 . '30 9 . '50 9 .70  
Ion kinetic energy / keV 
P(E) 
1.3C 
1 .0C 
.70<: 
.40C 
.10C 
Hel ium 
. . . . . .  Xenon 
. . .dissociat ive SEC 
/l cAo 
9.bo  ' t . '~o ' 4 ;50  ' 7. 'so ' ld.s la ' .5  
E1  eV  
F igure  4. (a) CI~ ion kinetic energy spectrum obtained by the accelerating voltage scan tecl+mique. 
CI~ + ions result from collision between CCI~ + ions and He. Primary beam transmittance: 70r;; +. (b) 
Kinetic energy release distribution obtained by numerical differentiation of the corresponding ion 
kinetic energy spectrum. Solid line: target gas = He; dashed line: target gas = Xe. 
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where  / °bs is the intensity measured in a f rag  CAD +- SEC 
linked scan spectrum at constant B/E, ICAD.V ..... (Ek) 
is the CAD contribution in the ion kinetic energy 
spectrum (V-scan) of the fragment of interest, and 
ICAD+SI-C,~ ... . . . .  (E  k) is the total intensity (CAD + SEC) 
of the ion kinetic energy spectrum of the considered 
fragment. 
By using eq 7 and the CAD/SEC separation proce- 
dure outlined in the preceding text with a coherent set 
of data measured at a 70% primary beam transmit- 
tance, we obtained the following corrected branching 
ratios between the CCI++ C1 + and the Cl2~+ C + chan- 
nels: I(CI~ + C*)/I(CC1 * + CI +) = 0.10 and 0.31 
with, respectively, He and Xe as the target gas. With 
He at 30% primary beam transmittance, the same 
procedure led to a ratio equal to 0.02. 
Semiempi r i ca l  Ca lcu la t ions  and 
D iscuss ion  
To help interpret he experimental data, we calculated, 
at the MNDO level, cross sections, equilibrium geome- 
tries, and transition states for the first electronic states 
of the CCI~ * dication. These calculations were per- 
formed by using the AMPAC package [48]. Briefly, the 
underlying approximations are the following: 
1. Only the valence electrons are considered. 
2. We have included a limited configuration interac- 
tion (CI), which takes into account all excitations 
within the two highest occupied and the first three 
virtual molecular orbitals of the ground electronic 
state. 
Equilibrium Geometries and Heats of Formation of 
CCI~+X iv+ and CCl~+aY-,,  
The calculated equilibrium geometries and heats of 
formation are summarized in Table 3. The ground 
state is linear and corresponds to the following elec- 
tronic configuration: 
"~ "~ ~ "~ 4 4 )0  -.. (5~r~)-(4cq,)-(6o-~)-(5o-u)-(2 %) (2~r~) (3% 
Table 3. Equilibrium geometries and heats of formation for different isomers and electronic states 
of CCI~" 
Heat of format ion 
Electronic state Equi l ibr ium geometry  (kJ mol ~) 
ccl  l g 
CCI 2. ,~ 1A , 
CCI22 ' )( 1A' (saddle point) 
cc1~'#3,2. 
CI level 2788 
C2v point group 
R(C-CI) = 1.57 ,~, 
CI-C-CI angle = 180 ° 
SCF level 3129 
C s point group 
R(CI1-CI 2 )= 2.1 ,~ 
R(CI2-C) = 1.9 ~, 
CI-CI-C angle = 114" 
CI level 3168 
C s point group 
R(CI~-CI 2 ) = 2.00 ,&, 
R(CI2-C) = 1.94 
CI-CI-C angle = 11 lC' 
SCF level 3339 
C s point group 
R(CI 1-C) = 1.72 
R(CI2-C) = 1.83 ,~, 
CI-C-CI angle = 86.5 ° 
CI level 3089 
C2v point group 
R(C-CI) = 1.61 ,&, 
CI-C-CI angle = 180 ° 
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The first triplet excited state is also linear and is 
described by the following major configuration: 
cc12+ 3:   
2 2 2 2 4 3 I 
• " (5%) (4cr u) (6¢g) (5~ G) (27r~) (2~rg)(3~r u) 
Let us notice that the isoelectronic CS2 molecule be- 
haves very similarly [51]. Its first triplet state is bent 
(valence angle of 135.8 °) and belongs to the A 2 repre- 
sentation in the C2. , point group: this representation 
correlates to the ~-  representation of the D~r , group. 
The valence angle is larger in CC12+ owing to the 
repulsion beween the two charges. Furthermore the 
excitation energy of this triplet state is about the same 
for both species (301 kJ mo1-1 for CCl~ + and 313.2 kJ 
mol -I for CS 2) [51]. 
CC12+ CAD CCl ++ Cl + Dissociation Channels 
The two following processes are symmetry and spin 
allowed: 
C¢,12+ [ x71,¢ + ] + CI+(I x )+ G) 
CCI2  (a .y )_ ,CC I+(X I~ - )+CI  + 3 
We have calculated a cross section in the potential 
energy surfaces of CC12+ along the R(C-C1) coordinate 
under the following conditions: (1) linear geometry; (2) 
one C-C1 distance was frozen at 1.66 A, that is, the 
equilibrium internuclear distance of CC1 +( X IX2 + ). 
The results presented in Figure 5 show that the 
above-mentioned symmetry correlation is well ac- 
counted for. The dissociation barrier associated with 
the ground state of the dication, which leads to excited 
CI+, is equal to 630 kJ mol 1, whereas the correspond- 
ing barrier to produce ground state fragments from the 
first triplet state of CCl~ ÷ is equal to 142 kJ mol 1. The 
singlet and triplet states cross at a C-C1 distance of 2.15 
A, where a spin-orbit interaction takes place. This 
AIH01kJ mo1-1 
S000 
CCI 2° '~-  CCl* ÷ Cl* Co0 v 
aooo 3}-- 
i ~ ~  ~.____.._._~ ' ' 3"I'I CCt2"tLnl'ct(2P' 
CCI2"(2T°).Ct(2p) ~ CCL'la3 n} .Cl'lIO) CCL'Ia3I), Cl'(3p) 3000 CCI.(X1E.).CL.{%O) 
CCl'( XII" "loCI°lip ) 
, ~ ~ ~ 4 ~ 7' ~ ~ .,0 
RC-CI(A) 
Figure 5. Cross section in the potential energy surfaces of dif- 
ferent CC]~ + electronic states along one C-CI coordinate. Linear 
geometry. The second C-CI distance is frozen at 1.66 A. These 
calculations were performed at the MNDO level with limited 
configuration interaction (see text). 
spin-orbit coupling allows us to reach the ground 
state fragments from the ground state of the CCI 2+ 
dication: the barrier that has to be crossed amounts to 
420 kJ mo1-1. We have not been able to detect a 
metastable signal for this fragmentation, so its rate 
constant must be higher than 106 s -~. This is not 
surprising for an ion that contains heavy atoms like CI, 
which induce substantial spin-orbit interactions. The 
calculated reverse activation barrier associated with 
the ground state fragments is then equal to 5.2 eV, 
whereas the reverse barrier that corresponds to 
CCI+(XlY ÷) + CI+(1D) is equal to 4.8 eV. In view of 
the uncertainties associated with semiempirical calcu- 
lations, both values are qualitatively compatible with 
the experimental kinetic energy releases. Their differ- 
ence is too small to distinguish experimentally be- 
tween both processes. 
At large internuclear distances, the CI+--CCI + 
ion-ion Coulombic repulsion becomes dominant. The 
cross section in the potential energy surface is then 
given by the Coulomb equation, which is expected to 
be valid until the interfragment interactions become 
significant. The comparison between the MNDO re- 
suits and the Coulomb equation as well as the exami- 
nation of the atomic charge analysis show that orbital 
overlap appears at distances maller than 6 ,~. Because 
the spin-orbit coupling zone is located around 2.1 ,~, 
the role of exit channel interactions must be consid- 
ered. We have compared the cross sections calculated 
for a frozen CC1 + geometry (Figure 5) with data ob- 
tained by allowing CC1 ~ geometry relaxation, to mini- 
mize the energy. The largest discrepancy observed 
between both sets of data amounts to 15 kJ mol - 1. This 
suggests that no significant exit channel interaction 
takes place and that the smallest kinetic energy release 
observed and the reverse activation barrier may be 
compared. 
CC12 + CAD) CI+2 + C + Dissociation Channel 
The CCI 2_ ()~l,;~)_g --*CI~(X2IIa)_ , +C (-Pu) reaction 
is allowed by both symmetry and spin conservation. 
This reaction requires a rearrangement from the C1-C-C1 
structure to a C1-C1-C structure more likely to lose a 
CI~ fragment. MNDO calculations find a shallow min- 
imum that corresponds to such a structure on the 
ground state potential energy surface of CCI~ +. This 
structure is described in Table 3, as well as that of the 
transition state for the isomerization process. The iso- 
merization barrier is then equal to 550 kJ mol ~ and is 
therefore much larger than the dissociation barrier to 
CCI++ CI + (3p). 
The dissociation barrier from the CIC1C 2+ structure 
to the CI~ + C + fragments, calculated at the CI level, is 
very low (5 kJ mol-  i ). At this level of calculation, such 
a value is too low to decide whether the Cl-Cl-C 2+ 
structure is stable or not. These calculations reveal, 
however, that the barrier originates from an avoided 
crossing between states that have (15a') 2 and 
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(15a')l(16a') I as leading configurations and that the 
mixing between both states is still present at the C1-C1- 
C 2÷ equilibrium geometry. This suggests that only a 
high-level ab initio calculation with variational CI pos- 
sibly could be able to describe properly this structure 
and its dissociation barrier, if any. Nevertheless, we 
can already conclude that the observed kinetic energy 
release on the C12~+ C + fragments is governed by the 
isomerization barrier, which will be much higher than 
the dissociation barrier. The known experimental nd 
theoretical data on the reactivity of CC12+, both from 
the literature and from the present work, are summa- 
rized in Figure 6. We calculate a reverse activation 
barrier that corresponds to the CI++ C ÷ asymptote 
equal to 4.4 eV, which is compatible with the em~ n = 3.5 
eV measured for this dissociation. 
Let us note that the three reverse activation barriers 
calculated by the MNDO method are in the same 
range (4.4-5.2 eV); so are the experimental kinetic 
energy releases ~min (3.5-3.9-eV range). This suggests 
that the relative heights of the dissociation barriers are 
well reproduced by the semiempirical calculations. 
Competition between the CCI ++ CI + and Cl f + 
C ÷ Channels 
The data presented in the section related to the experi- 
mental results show that the branching ratio between 
these two channels varies with the collision gas used 
and thus with the amount of internal energy deposited 
in the CC12+ ion. The harder target gas, He, leads to a 
smaller I(CI~ + C+)/ I (CCI++ CI +) branching ratio. A 
further increase in the internal energy by increasing 
the target gas pressure, and thus the number of colli- 
sions, also leads to a decrease of the branching ratio. 
We suggest he following explanation to rationalize 
these data. Three channels are in fact in competition. In 
order of increasing appearance energy, they are: 
CCI~+~ CCI+ (XI.~, + ) + CI+(3P) 
CCl2+---~ Cl~ (X2 I Ig )  n u C+(2p)  
CC122+~ CCI+(XI~_ +) + CI+(1D) 
(channel 1 ) 
(channel 2) 
(channel 3) 
In the internal energy regime where only channels 1 
and 2 are opened, their competition is controlled by 
their respective barrier heights and by the spin-orbit 
transition probability. Because the experimental data 
show that channel 1 is favored, the barrier height effect 
must be dominant. When channel 3 becomes open, the 
behavior as a function of the internal energy must 
change. The rate constant is expected to increase more 
rapidly with internal energy for process 3 than for 
processes 1 and 2 because the latter processes have 
important bottlenecks: 
1. The spin-orbit transition probability, which can be 
approximated by the Landau-Zener formula [52], 
decreases with increasing internal energy. 
3001 
2500 
~f H /kJmol -I 
CI.~(X2TIg) 
°C°(2p) 
_/2-- 
,,c1.72* 
C[ C 
CCL*(XI~ *] 
°C['* (3p) 
Figure 6. Schematic energy profile for the CCI~ ~ dissociation pathways discussed in this article. 
Solid lines: experimental data; dashed lines: calculated ata (this work). 
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2. Channel 2 requires an isomerization step and is 
entropical ly disfavored. 
As a result, channel 3 is expected to become domi-  
nant at higher internal energy, which results in a more 
intense CC1 ÷ ion current. The kinetic energy release 
expected for reactions 1 and 3 is unfortunately not 
different enough to al low us to dist inguish exper imen- 
tally between them. Of course, the internal energy 
distr ibution produced upon CAD is quite broad and 
embraces both energy regimes under  discussion, so 
that the observed effect is an overall decrease of the 
CI~ abundance,  when one switches from a softer to a 
harder  target. 
Conclusion 
Coll ision between fast (ki loelectronvolt energy range) 
doubly charged ions and a neutral target leads among 
other processes to coll isionally activated dissociation 
and to single-electron capture. We have investigated 
these processes in the case of the dichlorocarbene dica- 
tion, with emphasis  in this article on the reactivity of 
the coll isionally activated ication. Daughter ion spec- 
tra, ion kinetic energy spectra, and semiempir ical  theo- 
retical calculations were the main tools of investigation 
used. CAD is favored compared to SEC when high 
ionization energy targets are used. Analysis of the ion 
kinetic energy spectra al lows us to dist inguish be- 
tween the CAD and dissociative SEC contributions. 
The major reaction chamlels are CC1¢" CAD 
CCI - (X]E  *) + CI*(3P and ID) and CCl-~" CAD> 
CI + + C +. The former channels dominate.  Production 
of ground state CC I+(Xt~' )  + Cl+(3p) fragments in- 
volves a sp in -orb i t  coupl ing induced transition be- 
t~,een the ground electronic state of CCI~" and its first 
triplet excited state. The calculated barrier to dissocia- 
tion amounts to 420 kJ mol -1, whereas the reverse 
activation barrier is compatible with the observed 
kinetic energy released on the fragments. 
The CCI-~ + CAD CI 2 + C-  channel is character- 
ized by a two-step mechanism. An isomerization pro- 
cess with a barrier equal to 550 kJ tool t leads to a 
C1-CI-C 2+ structure from which dissociation occurs. 
The lower branching ratio for this channel is in keep- 
ing with the high isomerization barrier compared to 
the dissociation barrier to CCI*( X lx2, ) + C1 , (3p) (420 
kJ tool 1). The reverse activation barrier is here also in 
agreement with the measured kinetic energy release. 
When the internal energy deposited in the CCI-~" 
ion is increased, product ion of CCI +( X Ix Z, ~ ) + C1' (1/)) 
becomes more favorable, which leads to a decrease of 
the CI~ relative abundance. 
The spectroscopic propert ies of CCI 2~ calculated in 
this article (geometries and excitation energy) show 
strong similarit ies with the known data on the isoelec- 
tronic CS2 molecule [51]. This is in agreement with the 
"chemical bond plus electrostatic repulsion model"  for 
molecular dications [13]. 
The dissociative single-electron-capture p ocess has 
been mentioned only briefly in this article. It will be 
discussed in detail in a forthcoming paper. The major 
dissociation channel there also is CCI '  + C1. The disso- 
ciation dynamics is governed by the mechanism for 
the charge exchange reaction, which depends  strongly 
on its endothermic i ty  or exothermicity. 
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